Abstract. Uromodulin storage diseases are characterized by hyperuricemia of underexcretion type and renal insufficiency. Although these diseases are caused by mutations in the UMOD gene that encodes the kidney-specific glycoprotein uromodulin, the effect of uromodulin mutation on the kidney has not been clearly established. In this study, we investigated the effect by comparing transgenic mice expressing human uromodulin with and without mutation. Change in the intracellular localization of human uromodulin protein was shown in the kidney of transgenic mice expressing mutant human uromodulin by a deglycosylation experiment. Then, we determined by microarray technology and quantitative real-time PCR that the strongly induced gene in the kidney of these mice was 5-α-reductase 2, an enzyme that converts testosterone into the more potent androgen. Moreover, the expressions of androgen-induced genes β-glucuronidase, ornithine decarboxylase structural 1, and cytochrome P450 4a12a were increased. The increase in mRNA levels of urate reabsorptive transport system urate transporter 1 could be investigated, but the changes in its protein level and renal urate handling could not be demonstrated. Therefore, it is suggested that a uromodulin mutation may be responsible for the enhancement of renal androgen action. [Supplementary Table: available only at http://dx 
Introduction
Uromodulin storage diseases are rare autosomal dominant disorders characterized by hyperuricemia of the underexcretion type, gout, and renal insufficiency (1) . These diseases are caused by mutations in the UMOD gene that encodes uromodulin (2) . Uromodulin, known as Tamm-Horsfall protein, is the most abundant glycoprotein in normal human urine and distributed mainly in the epithelial cells of the thick ascending limb (TAL) of Henle's loop (3, 4) . Although the physiological roles of uromodulin still remain elusive, it is suggested that uromodulin is associated with urine concentration ability and NaCl transport using the uromodulin-knockout mouse approach (5) . Moreover, uromodulin is exported from the endoplasmic reticulum (ER) to the plasma membrane, and then released into the urine. On the other hand, it has been reported that mutations in the UMOD gene result in the accumulation of uromodulin in the TAL cells of uromodulin storage diseases because its transport is delayed (6) . However, the effect of uromodulin mutation on the kidney has not been clearly established.
We previously reported the effect of mutant human uromodulin on the kidney by comparing transgenic mice harboring the C148W mutant human UMOD gene (UMOD-C148W Tg mice) and control C57/BL6 mice (7) . However, the investigation required mice expressing the human wild-type isoform to evaluate the specific effect of uromodulin mutation on the kidney. In this study, we produced transgenic mice harboring the wild-type human UMOD gene (UMOD-WT Tg mice) to use as controls against UMOD-C148W Tg mice to demonstrate the effect of human uromodulin, with and without mutation, on the kidney.
Materials and Methods

Animals
The DNA fragment of mouse UMOD promoter was ligated upstream into human UMOD cDNA containing pcDNA3.1(+) vector (Fig. 1A) as described previously (7) . The transgene was microinjected into fertilized eggs of C57/BL6 inbred mice for UMOD-WT Tg mice production by the PhoenixBio Co., Ltd. (Tochigi). UMOD-WT Tg mice were genotyped as described previously (7) . Twenty-four week-old male mice were anesthetized by intra-peritoneal injections of 50 mg/kg pentobarbital in order to obtain samples of plasma and kidney. Plasma and urinary urate and plasma allantoin concentrations were determined with HPLC (8) . All animal experiments were carried out in accordance with the Keio University Guide for the Care and Use of Laboratory Animals.
Immunofluorescence
The frozen sections prepared from the kidneys of UMOD-WT Tg mice were double-stained with antihuman and anti-mouse uromodulin antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) using the Qdot ® nanocrystal technology (Life Technologies Japan, Ltd., Tokyo) (7).
Microarray analysis
Total RNA was extracted from the kidneys of UMOD-C148W and UMOD-WT Tg mice and purified as described previously (7) . Microarray analysis was performed using Affymetrix Mouse Gene ST 1.0 arrays and analyzed using Expression Console by the PharmaFrontier Co., Ltd. (Kyoto). Renal-enriched genes were identified based on a 1.5-fold enhancement of expression in UMOD-C148W versus UMOD-WT Tg mice, except that the signal strength of UMOD-WT Tg mice was less than 100.
Real-time PCR
Total RNA was reverse-transcribed and amplified (8) . The real-time PCR analyses used the TaqMan ® probes corresponding to androgen related genes such as 5-α-reductase 2 (Srd5a2), β-glucuronidase (Gusb), ornithine decarboxylase structural 1 (Odc1), and cytochrome P450 (Cyp) 4a12a or urate transport systems-related genes such as urate transporter 1 (Urat1), glucose transporter 9 (Glut9), sodium-coupled monocarboxylate transporter 1 and 2 (Smct1/2) and ATP-binding cassette sub-family G member 2 (Abcg2), and 18s rRNA as an internal standard.
Western blotting
Microsomal fractions prepared as described previously (7) were treated with peptide-N-glycosidase F (PNGase F) or endoglycosidase H (Endo H) in accordance with the manufacturer's instructions (New England Biolabs Japan, Inc., Tokyo). The samples were separated by SDS-PAGE and transferred to a PVDF membrane. After blocking, the membrane was stained using anti-human uromodulin antibody (1.0 μg/mL; Santa Cruz Biotechnology, Inc.) or anti-Urat1 antibody (0.21 μg/mL) (8) .
Product detection was performed with an ECL kit (GE Healthcare UK Ltd., Little Chalfont, UK).
Statistical analyses
All data were expressed as the means ± standard errors (S.E.M.). Differences between groups were analyzed statistically using one-way analysis of variance (ANOVA). Post hoc analysis was performed using Scheffe's test. P-values <0.05 were considered statistically significant.
Results
The breeding ability of UMOD-WT Tg mice was normal and one strain was selected based on mRNA level and immunofluorescence staining of human uromodulin in the kidney. UMOD-WT Tg mice were maintained by breeding male transgenic and female C57/BL6 mice, and heterozygous transgenic mice were used in this study. Moreover, immunofluorescence staining for human and mouse uromodulin in the kidneys of UMOD-WT Tg mice were performed to confirm the localization of human uromodulin. Human and mouse uromodulin were both detected in the same region (Fig. 1B) . Therefore, the localization was similar to that of mutant human uromodulin in the kidneys of UMOD-C148W Tg mice (7) .
The microsomal fractions of the kidneys of UMOD-C148W and UMOD-WT Tg mice were treated with PNGase F or Endo H and subjected to western blot analyses to determine the characteristic of human uromodulin protein. Human uromodulin comprised of 93-and 105-kDa fractions were expressed in the kidneys of UMOD-C148W Tg mice, while only the 105-kDa component was observed in UMOD-WT Tg mice. Moreover, the 93-kDa human uromodulin was cleaved by PNGase F and Endo H. The 105-kDa component in both mice was not cleaved by Endo H (Fig. 1C) . Therefore, Endo Hsensitive human uromodulin was expressed only in the kidneys of UMOD-C148W Tg mice.
We next measured the changes in gene expression of UMOD-C148W Tg mice using microarray technology. Out of 25,529 genes, 82 genes were induced and 79 genes were suppressed (Supplementary Table 1 : available in the online version only). The genes that were identified based on a 2.5-fold enhancement of expression in UMOD-C148W versus UMOD-WT Tg mice were listed in Table 1 . One of the strongly induced genes in UMOD-C148W Tg mice was Srd5a2, an enzyme that converts testosterone into the more potent androgen 5-α-dihydrotestosterone (5α-DHT). Quantitative real-time PCR confirmed the expressional changes in Srd5a2 seen in microarray analyses. The Srd5a2 mRNA level in UMOD-C148W Tg mice (233.5 ± 51.0%) was significantly higher than in UMOD-WT Tg mice (66.0 ± 25.5%, P < 0.05) (Fig. 2A) . Moreover, quantitative real-time PCR was performed using the probes for androgen induced genes to evaluate the androgen action in the kidneys of UMOD-C148W Tg mice. The mRNA levels of Gusb, Odc1, and Cyp4a12a in UMOD-C148W Tg mice were significantly increased to 172.3 ± 12.3% (P < 0.01), 126.9 ± 8.2% (P < 0.01), and 122.3 ± 8.8% (P < 0.05) of those in UMOD-WT Tg mice (95.4 ± 10.5%, 87.4 ± 5.4%, and 78.8 ± 8.2%, respectively) ( Fig. 2: B -D) . Therefore, the androgen-related genes were increased in the kidneys of UMOD-C148W Tg mice. In addition, quantitative real-time PCR was performed to assess the changes in the renal urate transport systems between UMOD-C148W and UMOD-WT Tg mice because hyperuricemia occurred frequently in uromodulin storage diseases and there are previous reports describing the regulation of urate transport systems by androgen treatment (8) . Although there were no statistical differences in the mRNA levels of Glut9, Smct1/2, and Abcg2, the mRNA level of Urat1 in UMOD-C148W Tg mice was increased to 138.0 ± 3.7% (P < 0.05) of that in UMOD-WT Tg mice (120.1 ± 5.3%) (Fig. 3) . However, there were no statistical differences in the protein level of Urat1. Also, plasma and urinary urate and plasma allantoin concentrations were not different between UMOD-C148W and UMOD-WT Tg mice (plasma urate:
5.03 ± 0.90 and 5.63 ± 1.16 μM, respectively; urinary urate: 215 ± 12 and 220 ± 19 mmol/mol Cr, respectively; plasma allantoin: 38.32 ± 7.07 and 23.46 ± 4.62 μM, respectively, P = 0.13).
Discussion
We investigated the effect of uromodulin mutation on the intracellular localization of human uromodulin protein by comparing transgenic mice expressing human uromodulin with and without mutation. Two molecular weights of human uromodulin (93 and 105 kDa) were expressed in the kidneys of UMOD-C148W Tg mice and only the 93-kDa component was cleaved by Endo H. PNGase F cleaves all types of oligosaccharides of Nlinked glycoproteins from the ER and the Golgi apparatus, but Endo H cleaves the high mannose type of them from the ER. Choi et al. reported that the lower molecular weight uromodulin exists as a precursor form in the ER and the higher molecular weight component exists as a mature form in the Golgi apparatus and plasma membrane (9) . Thus, the 93-and 105-kDa human uromodulins Fig. 2 . Change of androgen related genes in the kidneys of UMOD-C148W Tg mice. Quantitative real-time PCR analyses were conducted using probes corresponding to Srd5a2 (A), Gusb (B), Odc1 (C), or Cyp4a12a (D) and 18s rRNA as an internal standard. The mRNA levels in control mice were fixed at 100%. Data represent the mean ± S.E.M., n = 4 -5, *P < 0.05, **P < 0.01. Renal mRNA levels of Srd5a2, Gusb, Odc1, and Cyp4a12a in UMOD-C148W Tg mice were higher than those in UMOD-WT Tg mice. may correspond to the precursor and mature forms, respectively. Our previous study reported that the 93-kDa form was hardly expressed in the ER because the protein was mainly detected in the Triton-insoluble fraction (lipid raft) (7). However, there is a report that ER-resident proteins are detected in the Triton-insoluble membranes (10). Additionally, Bonnon et al. reported that a glycosylphosphatidylinositol (GPI)-anchored protein partitions into lipid-raft-like domains within the membranes of the ER (11) . Consequently, the 93-kDa human uromodulin may be the precursor form in the ER because uromodulin is a GPI-anchored protein (12) . This would concur with some reports that the C148W mutant uromodulin is retained in the ER (6) and ER-type uromodulin is increased in the kidneys of transgenic mice expressing the C147W mutant mouse uromodulin, which corresponds to the C148W mutant human uromodulin (13) . Therefore, we consider that the uromodulin mutation affects the intracellular localization of human uromodulin, and UMOD-C148W Tg mice can serve as a model to study the effect of uromodulin mutation on the kidney.
Next, we investigated the effect by microarray technology. Since the rate of formation of androgen depends on the level of expression of the specific androgen-synthesizing enzyme in the target tissue (14), we considered that renal 5α-DHT level was increased by up-regulation of Srd5a2 mRNA level. Then, we confirmed the change in androgen induced genes in the kidney because it is reported that measurements of serum testosterone and 5α-DHT level have little or no value except as an index of testicular activity since testosterone and 5α-DHT are synthesized locally in the target tissue (15) . As a result, the mRNA levels of androgen-induced genes (Gusb, Odc1, and Cyp4a12a) were increased in the kidneys of UMOD-C148W Tg mice. There is a report that the mRNA levels of Gusb and Odc were strongly induced in the kidneys of mice treated with androgens (16). Muller et al. reported that the treatment with 5α-DHT significantly induced the mRNA level of Cyp4a12a, an enzyme that hydrolyzes arachidonic acid to 20-hydroxyeicosatetraenoic acid in the mouse kidney (17) . Moreover, Cyp4a12 and 20-HETE are associated with the renal epithelial cell proliferation in a mouse model of polycystic kidney disease (18) , and a renal cyst is a clini- Fig. 3 . Urate transport systems in the kidneys of UMOD-C148W Tg mice. Quantitative real-time PCR analyses were conducted using probes corresponding to Urat1 (A), Glut9 (B), Smct1 (C), Smct2 (D), or Abcg2 (E) and 18s rRNA as an internal standard. The mRNA levels in control mice were fixed at 100%. Data represent the mean ± S.E.M., n = 4 -5, *P < 0.05, **P < 0.01. Renal mRNA level of Urat1 in UMOD-C148W Tg mice was higher than that in UMOD-WT Tg mice.
cal feature of uromodulin storage diseases (1) . Although it represents the results of only one strain, the androgen action was increased in the kidneys of UMOD-C148W Tg mice. This would be related to a report that hyperuricemia was more frequent and severe in male patients and the progression of renal insufficiency tends to be worse in men than in women (19) . Further studies are urgently needed to clarify the mechanism of enhancement involved in the androgen action, but we postulated as follows: First, the TAL-specific transporter sodium potassium chloride cotransporter 2 (NKCC2) is down-regulated like in the kidneys of transgenic mice expressing the mutant mouse uromodulin (13) . Then, plasma angiotensin II level might be increased like in type I Batter's syndrome caused by a loss of function-type mutation in NKCC2 (20, 21) . Finally, insulin-like growth factor I, induced by angiotensin II (22) , might have increased 5-α-reductase activity (23) .
We also investigated the effect of uromodulin mutation on the urate transport systems to evaluate the relationship between uromodulin mutation and hyperuricemia, which is the earliest onset of uromodulin storage diseases. Renal urate handling is maintained by the balance between reabsorption and secretion via several urate transporters. The transporters for regulation of serum urate levels are urate reabsorptive transporters, such as Urat1 and Glut9, and urate efflux transporter Abcg2 (24) . Urat1 is a urate/anion exchanger and the activity of this protein is driven by cellular anions, which are reabsorbed via Smct1/2 (25) . The mRNA level of Urat1 was increased in the kidneys of UMOD-C148W Tg mice. Urat1 mRNA level is enhanced by 5α-DHT treatment (26) . We recently reported that the mRNA levels of Urat1 and Smct1 are increased by testosterone treatment, but those of Glut9 and Smct2 are decreased (8) . Therefore, we suggest that androgen may affect transcriptional enhancement of Urat1 in the kidneys of UMOD-C148W Tg mice. However, there are the differences in mRNA expressions of Glut9 and Smct1/2 in this study from our previous study. The change in mRNA level of Urat1 was shown by human uromodulin overexpression itself. The regulation of urate transport systems in this study may be attributed to factors other than androgen (27) or by the difference of concentrations between extrinsic and intrinsic androgen. Since the increase in mRNA level of the urate reabsorptive transport system was investigated, but the change in its protein level was not, we could not demonstrate the relationship between uromodulin mutation and renal urate handling until 24 weeks. The investigation requires the use of mice older than 24 weeks because it was shown that plasma allantoin concentration tends to be increased by uromodulin mutation in our experimental animals that metabolize urate to allantoin.
Further investigation is still needed using an androgenblocking agent such as flutamide (28) to confirm that androgen induced genes and urate reabsorptive transport systems were increased by the enhancement of androgen action via Srd5a2 up-regulation.
In conclusion, it is suggested that uromodulin mutation may be responsible for the enhancement of renal androgen action.
